We have investigated the correlated momentum distribution of both electrons from nonsequential double ionization of helium in a 800 nm, 4:5 10 14 W=cm 2 laser field. Using very high resolution coincidence techniques, we find a so-far unobserved fingerlike structure in the correlated electron momentum distribution. The structure can be interpreted as a signature of the microscopic dynamics in the recollision process. We identify features corresponding to the binary and recoil lobe in field-free (e; 2e) collisions. This interpretation is supported by analyzing ab initio solutions of a fully correlated three-dimensional helium model. DOI: 10.1103/PhysRevLett.99.263002 PACS numbers: 32.80.Rm, 31.90.+s, 32.80.Fb, 32.80.Wr Today, it is well established that for infrared wavelengths at intermediate intensities (10 13 -10 15 W=cm 2 ) the emission of more than one electron from an atom or molecule proceeds via the rescattering mechanism [1]. According to this picture, first one electron is excited by the field to the continuum, it is then accelerated and driven back to its parent ion by the oscillating field where it can supply energy to liberate a second or even more electrons. The last step of the mechanism can be considered as an internal laser assisted electron-impact ionization of the residual ion. From the field-free counterpart (e.g., [2, 3] ), it is well known that after an electron-electron encounter the electrons either leave the ionic potential without further interaction (binary collision) or the incident electron gets additionally backreflected by the ion (recoil collision).
Today, it is well established that for infrared wavelengths at intermediate intensities (10 13 -10 15 W=cm 2 ) the emission of more than one electron from an atom or molecule proceeds via the rescattering mechanism [1] . According to this picture, first one electron is excited by the field to the continuum, it is then accelerated and driven back to its parent ion by the oscillating field where it can supply energy to liberate a second or even more electrons. The last step of the mechanism can be considered as an internal laser assisted electron-impact ionization of the residual ion. From the field-free counterpart (e.g., [2, 3] ), it is well known that after an electron-electron encounter the electrons either leave the ionic potential without further interaction (binary collision) or the incident electron gets additionally backreflected by the ion (recoil collision).
The observation of the correlated momenta (k a ; k b ) of both electrons (a; b) has been shown to provide a solid basis for an analysis of the rescattering dynamics. In many experiments [4 -9] a maximum was observed for the emission of both electrons in the same direction with similar momentum components parallel to the laser field (k k a k k b ). This seemingly well established maximum is supported by numerous theoretical results (e.g., [10 -12] ) but is in conflict with others [13] [14] [15] [16] [17] which predict a minimum.
We have performed a new high resolution and high statistics experiment on double ionization of helium. Unlike previous experimental work our enhanced resolution and statistics unveil a minimum along k k a k k b bearing strong resemblance to the theoretical work in [15] . Our experimental observations are qualitatively reproduced by results of calculations using a recently introduced fully correlated two-electron quantum model [18] . Analysis of the temporal evolution of the momentum distributions in the ab initio calculations as well as simple classical estimations let us interpret the basic features of the momentum distribution in view of binary and recoil collisions.
Our experiment was performed using cold target recoil ion momentum spectroscopy (COLTRIMS) [19, 20] . Ti:sapphire laser pulses (40 fs, 800 nm, 5 J, 100 kHz repetition rate) are focused to peak intensity of 4:5 0: 5 10 14 W=cm 2 into a supersonic 4 He gas jet. The peak intensity in the laser pulse was determined by calibrating the pulse energy-to-intensity relation using the radial ion and electron momentum in a separate experiment in circularly polarized laser pulses [21] . The result was verified by fitting the predictions of tunnel theory [22] to the He momentum distribution parallel to the laser field. Ions and electrons created in the focus are guided by a 1:6 V=cm electric and a 10.5 G magnetic field towards two large area microchannel plate detectors ( 80 mm) with delay line position encoding [23] . The polarization axis of the laser is parallel to the spectrometer field. In the following we present only the momenta along the polarization, i.e., momenta measured via the time of flight of ions and electrons. We detect the ion and one electron, and for a fraction of phase space of double ionization we also detect both electrons. We find a resolution (FWHM) of <0:08 a:u: parallel and <0:14 a:u: perpendicular to the laser polarization axis. To avoid any problems with the dead time of the electron detector, we generally calculate the second electron from the measured electron and ion momentum using momentum conservation.
We use a laser repetition rate of 100 kHz. This yielded a count rate of 3 kHz on the ion detector and 10 kHz on the electron detector including stray electrons and dark counts. The fraction of false coincidences, where the detected ion and electron originate from two different atoms ionized in the same laser pulse, was monitored in the single
0031-9007=07=99(26)=263002 (4) 263002-1 © 2007 The American Physical Society ionization channel (compare Fig. 1 in [4] ). We find that 7% of electrons and ions do not obey momentum conservation, i.e., are not from the same atom. The base vacuum in our chamber was about 10 ÿ10 mbar. The remaining background of H 2 ions from the residual gas can be very efficiently suppressed by our three-dimensional momentum imaging. He 2 ions have a very narrow momentum distribution perpendicular to the polarization (0.8 a.u. FWHM). The H 2 ions from the residual gas in contrast have a thermal momentum distribution (5 a:u: FWHM). Therefore, selecting transverse He momenta <0:8 a:u: efficiently suppresses the H 2 background. Cold H 2 contamination in the gas jet has been frozen out by cooling our nozzle on a cryogenic cold head to 14 K. A small remaining contribution is still visible in Fig. 1(a) . Its position off the diagonal reflects the nuclear mass defect in helium. A total of 10 9 events contained 10 5 valid coincidences of a He 2 and at least one electron.
Figure 1(a) shows the final momentum correlation of the two electrons along the polarization axis. Since both electrons are indistinguishable, the data were symmetrized by exchanging the two electron indices. The first and third quadrants thus correspond to events where both electrons are detected in the same hemisphere, while the second and fourth quadrants relate to final electron momenta that are pointing back-to-back. We find a striking fingerlike structure producing a minimum along the diagonal of equal momenta.
What is the origin of the fingerlike structure? At first glance one realizes that the structure extends beyond the limit of 2 U p p [white solid lines in Fig. 1(b) ], which is the classical limit expected for a joint emission of both electrons upon a binary collision at the zero of the field. Here U p I=4! 2 is the ponderomotive potential determined by the intensity I and frequency ! of the field (atomic units are used throughout this Letter unless otherwise indicated). This enhancement in the production of hot electrons compared to an uncorrelated model becomes even more striking in Fig. 1(c) . Here, the electron energy spectrum of He 2 is compared to the single ionization channel. Only electrons emitted towards the electron detector (k k 0) are included. Hence, we anticipate that an electron with final momentum beyond the classical limit has interacted with the nucleus. Such a process is well known in field-free (e; 2e) processes as recoil collision. To gain insight, we have determined the kinematical constraints in correlated momentum space for various (e; 2e) scenarios using a simple classical model.
Our classical one-dimensional model neglects the parent ion potential as well as the long-range electron-electron repulsion. In the scenario of a binary collision, the momentum direction of the recolliding electron is unchanged. For a recoil collision, the direction of the momentum of the first electron is inverted (i.e., the electron is scattered by 180
). In both scenarios the impact energy of the recolliding electron is reduced by the binding energy and the second electron is born with zero momentum.
In Fig. 1(b) we have superimposed the kinematical constraints obtained from the classical model for the binary collision (circles) and for the recoil collision (triangles) with the experimental data of the first quadrant. The comparison reveals a strong correspondence between the features seen in the experimental data and the classical estimations. The binary collision scenario leads to a broad distribution. But more interestingly, the estimations based on a recoil collision exhibit the prominent fingerlike structure beyond the limit of 2 U p p . The assumed asymmetric energy sharing of the excess electron-impact energy is typical in field-free (e; 2e) processes [24] . It also yields the best correspondence with the experimental data compared to a more symmetric energy sharing. Classical estimates including excited states of the He ion have shown that recollision excitation with subsequent tunneling ionization (RESI) [5] is not responsible for the fingerlike structure.
Next, we show that the results of our classical analysis are supported by quantum mechanical calculations. To this end, we have performed ab initio numerical simulations using a recently introduced helium model [18] , in which the center-of-mass motion of the two electrons is restricted to the polarization axis, while the electron correlation is fully retained via the relative coordinate of the electrons.
In our simulation the coupling to the laser field is done using the velocity gauge and within the dipole approximation. We have used an artificial laser pulse with a linear ramp over two cycles to the peak intensity of 5 10 14 W=cm 2 at 800 nm where it was kept constant for two more oscillations of the field [see Fig. 2(a) ]. The initial wave function has been obtained via imaginary time propagation and has been propagated using the Crank-Nicholson method on a grid with 3000 1500 400 points, other grid parameters were as in [18] .
In the simulation a restriction to a few oscillations of the laser field is necessary in order to keep the full wave function on the grid for a determination of the momentum distribution at the end of the calculation. This requires a large amount of computer resources (in time as well as in memory), which quickly grows with the number of cycles of the pulse. In fact, the proposed mechanism requires the analysis of only a single rescattering event shortly after the impact, without the obscuring contributions from earlier rescattering events. The latter is achieved by the fast turn on of the field.
In Fig. 2 we show the distribution of the correlated twoelectron momentum components along the polarization direction at some time during the pulse [2(b)] and at the end of the pulse [2(c)]. The distributions are obtained by partitioning the coordinate space, extracting the double ionization part of the wave function (cf. [18] ), taking its Fourier transform, and integrating over the direction perpendicular to the field. Note that these distributions correspond to the canonical momenta p ÿi@r of the two electrons, which correspond in this case to the momentum to be observed outside the field at the detector.
The emission of the two electrons primarily into the same hemisphere as a key signature of a recollision event, as well as a fingerlike structure, are nicely reproduced in the final momentum distribution [ Fig. 2(c)] . As in the experimental data, the fingerlike structure extends beyond the limit of 2 U p t rec q [solid lines in Figs. 2(b) and 2(c) ]. Differences in the orientation of the fingerlike structure, as compared to the experimental data, are probably due to the dimensional reduction of the two-electron Hamiltonian in the simulation. The momentum distribution obtained during the pulse [ Fig. 2(b) ] is due to the first major rescattering event at about t rec 275 a:u: We may note parenthetically that the interferences between the contributions from the different pathways in the final momentum distribution are signatures of the quantum nature of the double ionization process.
As the momentum distribution in the third quadrant [ Fig. 2(b) ] corresponds mainly to a single rescattering event at t 275 a:u:, we are in the position to further analyze it in view of contributions from binary and recoil collisions. To this end we have obtained partial canonical momentum distributions from different spatial configurations of the two electrons. The results are shown in Fig. 3 . For the distribution in Fig. 3(a) we have restricted the double ionization coordinate space to electron pairs found in that hemisphere, which corresponds to an emission of both electrons in the direction of the incident electron in the recollision. As discussed above, this emission pattern is a signature of the binary collision scenario. The corresponding momentum distributions confirm that for a binary collision the maximum appears for k
For the results shown in Fig. 3(b) the coordinate space has been restricted to two electrons leaving the ion into opposite hemispheres. The canonical momentum distribution obtained from this configuration beyond the 2 U p p limit has a minimum for both electrons with equal final momentum. Hence, the results of the quantum mechanical simulation strongly support our interpretation that a recoil collision gives rise to the observed fingerlike structure.
Because of the influence of the external field on the emitted electrons the above analysis is imperfect, as can be seen from the fact that contributions in Figs. 3(a) and 3(b) do not fully reconstruct the total momentum distribution in Fig. 2(b) . Part of the two-electron continuum wave function, created early in the rescattering event, is redistributed by the field into the hemisphere opposite to the direction of the incident electron (field direction). As can be seen from 263002-3 remaining part of the full momentum distribution. They consist of contributions of both the binary and the recoil recollisions.
In conclusion our experiment on strong field double ionization of helium shows a fingerlike structure in the correlated electron emission. This unveils novel details of the rescattering dynamics establishing a close correspondence between field-free and field-assisted (e; 2e) collision. Classical estimations and ab initio results from a fully correlated helium model show that these fingers results from electron-impact ionization with backscattering at the nucleus upon recollision, an analogue to the recoil peak in field-free (e; 2e) collisions.
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